In the framework of first-principles calculations, we investigate the structural and electronic properties of graphene in contact with as well as sandwiched between WS 2 and WSe 2 monolayers.
I. INTRODUCTION II. COMPUTATIONAL DETAILS
The heterostructures are constructed by joining a 4 × 4 × 1 supercell of graphene with 3 × 3 × 1 supercells of the dichalcogenides. A vacuum layer of at least 15Å thickness guarantees that there is no artificial interaction perpendicular to the two-dimensional system due to the periodic boundary conditions. For the structural relaxation we employ the Quantum-ESPRESSO code 14 , using the generalized gradient approximation (GGA) The systems under consideration are illustrated in Fig. 1 . The lattice parameters of the graphene (9.98Å) and WS 2 supercells (9.57Å) give rise to a lattice mismatch of 2.7%. The distance between the two subsystems converges to d = 3.41Å, see Table I , which is a typical value for graphene on a semiconducting substrate. We observe no modification of the C−C bond lengths, whereas the W−S bond lengths (2.45Å to 2.46Å) are modified as compared to pristine WS 2 (2.39Å
16 ) because of the lattice mismatch. We find d = 3.42Å for graphene on WSe 2 with a C−C bond length of 1.42Å, which is the value of pristine graphene. The claim that a device based on this system can operate at room temperature with good current modulating capacity. We show in Fig. 2 (a) the band structure obtained for graphene on WS 2 without SOC, demonstrating some interaction between the two subsystems, though without chemical bonding. The binding energy
where E graphene/WS 2 , E WS 2 , and E graphene are the total energies of the hybrid structure, WS 2 , and graphene, respectively, amounts to 53 meV per C atom, in agreement with Ref. 21 . Due to this weak interaction, a small band gap of 0.9 meV is obtained, see the zoomed view in Fig. 2(a) , with degeneracy of the K and K ′ points.
When the SOC is switched on in the calculation, the spin degeneracy of the bands is lifted, resulting in valence and conduction band splittings of 33 meV, see Table I , with a small band gap of 0.7 meV, see the right hand side of Fig. 2(a) . A similar behavior has been observed for graphene on Bi 2 Te 3 and MoTe 2 11 . The characteristic shape of the bands near the Fermi In Fig. 2(b) we present results for graphene sandwiched between WS 2 layers. We find a 0.1 meV band gap without SOC and one of 1.1 meV when the SOC is taken into account.
The shape of the band structure again reflects a QSH state. Larger valence and conduction band splittings of 92 meV and 99 meV, respectively, are achieved because two WS 2 layers are attached to the graphene, see Table 1 , similar to the 70 meV band splitting of graphene in contact with the (111) surface of BiFe 3 (which is magnetic and thus hosts a quantum anomalous Hall effect 25 ).
We also study hybrid systems with monolayer WSe 2 , which is a semiconductor with a band gap of 1.65 eV 26 . The binding energy of graphene on WSe 2 turns out to be 54 meV and thus is similar to the WS 2 case. On the other hand, the band gap of 3.6 meV, see comparison of the bulk properties of WS 2 and WSe 2 can be found in Refs. 27, 28 , for example.
